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Many processes involve the thermal decomposition of high molecular weight (MW) compounds to a mixture of products. Thermolysis, pyrolysis, coal liquefaction and hydrocarbon cracking, for example, play important roles in the energy and fuels industries. Understanding the thermal decomposition of macromolecules, which involves bond scission and free-radical propagation, is an important aspect of polymer science and engineering (Clough et al., 1996) .
By pyrolysis, we mean the thermal decomposition of a solid material at high temperatures to yield gas and liquid products of low MW. Thermolysis of polymers in solution produces a mixture of solubilized products. In either case, the decomposition yields a product mixture that often can be described as a continuous function of MW. The time evolution of the molecular weight distribution (MWD) can be examined by continuous distribution kinetics to determine the rate parameters and provide insights into the decomposition mechanisms.
Thermochemical recycling of polymers as either fuel or feedstock has been receiving growing attention in recent years (Miller, 1994) . The research has focused on the mechanism of degradation of pure polymers (McCaffrey, 1996) . The degradation of polystyrene has been extensively investigated by pyrolysis (Cameron and MacCallum, 1967) though the mechanism and kinetics of polstyrene degradation remain subjects of discussion (McNeill et al., 1990) .
Degradation of polymers in solution was proposed to counter the problems of low heat transfer rates and high viscosity of the melting polymer commonly encountered in polymer recycling by pyrolysis (Sato et al., 1990) . The degradation of polystyrene (Murakata et al., 1993a; , poly(styrene-allyl alcohol) (Wang et al., 1995) , poly(methyl methacrylate) (Madras et al., 1996a) , poly (p-methyl styrene) (Murakata et al., 1993b) and poly (α-methyl styrene) (Madras et al., 1996b) in solution have been investigated. The continuous distribution approach is appropriate for analysis of solubilized polymer degradation kinetics and has also been applied to coal liquefaction (Wang et al., 1993) . An important parameter in the degradation of the polymers in solution is the influence of the solvent on the reaction. The solvent effect for polystyrene thermal degradation was investigated by Sato et al. (1990) . The conversion of polystyrene to low molecular weight products decreased with the increase of the hydrogen donating ability of the solvents. The study, however, did not determine degradation rate coefficients. Madras et al. (1995) found that tetralin enhanced the rate of degradation of poly(styrene-allyl alcohol). Rate coefficients were determined as a function of tetralin concentration and temperature. Madras et al. (1996) found that tetralin had no effect on the degradation of poly(α-methyl styrene). These studies indicate the varied effect of the hydrogen donor on polymer decomposition. Though there have been several experimental studies on how hydrogen donor solvents affect the decomposition of hydrocarbons (Song et al., 1994) , model compounds typical of coal (Chiba et al., 1991) , and coal (Angelova et al., 1989; Chawla et al., 1989; Mochida et al., 1990) , an overall theory for the mechanism is not available.
In the current study, we investigate the effect of hydrogen donors on polymer degradation. In particular, new experimental data is presented to show how a hydrogen donor, 6-hydroxy tetralin, influences the degradation rate of polystyrene. A detailed radical mechanism is developed based on the Rice-Herzfeld chain reaction concept with the elementary steps of initiation, depropagation, hydrogen abstraction and termination. Expressions for the degradation rate parameters are obtained by applying continuous distribution kinetics to the MWD of the reacting polymer. The theory explains the different influences of the hydrogen donor solvent on the degradation rate coefficients for different polymers. Though developed for the degradation of polymers, the mechanism and the theory are potentially applicable for chain scission and addition reactions among distributions of paraffins, olefins and radicals of all chain lengths. The concepts can, in principle, be extended to examine the effect of hydrogen donors on coal liquefaction and on the complex mixture of liquefaction compounds. Fisher Chemicals). 100 µL of this solution was injected into the HPLC-GPC system to obtain the chromatograph, which was converted to MWD with the calibration curve. Because the mineral oil is UV invisible, its MWD was determined by a refractive index (RI) detector. No change in the MWD of mineral oil was observed when the oil was heated for 3 hours at 275 °C without polystyrene.
Theoretical Model
According to the Rice-Herzfeld mechanism, polymers can react by transforming their structure without change in MW, e.g. by hydrogen abstraction or isomerization. They can also undergo chain scission to form lower MW products, or undergo addition reactions yielding higher MW products. Chain scission can occur either at the chain-end yielding a specific Continuous-distribution mass balances are proposed for the various steps involved in the radical mechanism. The rate coefficients are assumed to be independent of MW, a reasonable assumption at low conversions . The integro-differential equations obtained from the mass balances can be solved in terms of MW moments. In general, the moments are governed by coupled ordinary differential equations that can be solved numerically. In the present treatment, two common assumptions are made that allow the equations to be solved analytically. The long-chain approximation (LCA) (Nigam et al., 1994; Gavalas, 1966 ) is valid when initiation and termination events are infrequent compared to the hydrogen-abstraction and propagation-depropagation events. Thus the initiation-termination rates are assumed to be negligible. The quasi-stationary state approximation (QSSA) applies when radical concentrations are extremely small and their rates of change are negligible.
Case 1. Reversible random chain scission
Polymer degradation in some circumstances can occur solely by random chain scission.
The following scheme includes the major elementary steps in the Rice-Herzfeld mechanism (Nigam et al., 1994) . We represent the chemical species of the reacting polymer, and the radicals as P(x) and R
. (x) and their MWDs as p tot (x,t) and r(x,t), respectively, where x represents the continuous variable, MW. Since the polymer reactants and random scission products are not distinguished in the continuous distribution model, a single MWD, p tot (x,t), represents the polymer mixture at any time, t. The initiation-termination reactions are represented as
(1.1) k t where ⇔ represents a reversible reaction. The reversible hydrogen abstraction process is 94204R10.PDF April 16, 1997
The hydrogen donor reactions are If dissolved hydrogen is present in the solvent, the donor can be regenerated and act as a shuttle to transfer hydrogen atoms to reaction sites,
Polystyrene degrades rapidly at low reaction times due to the existence of weak links in the polymer main chain (Chiantore et al. (1981) ; Madras et al. (1996c) ). The weak (p w ) and strong (p) links in the polymer (p tot ) can be represented by additive distributions,
Then the molar concentration of the polymer is the sum of the molar concentrations of the weak and strong links,
where p tot (0) is the zero moment. The moments, p (n) , are defined as
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Since the weak link concentration is approximately two orders of magnitude smaller than the strong link concentration (Madras et al., 1996c) , only the random rate coefficients of strong links are examined in this study.
The population balance equations for p(x,t) and for radical MWD, r(x,t), are as follows (Kodera et al., 1997) :
The initial conditions are p(x,t = 0) = p 0 (x) and r(x,t) = 0. Applying the moment operation, .
The initial conditions for moments are where k = (k h + k d C)/(k H + k D C) and for n = 0, eq. 1.10 becomes dp (0) /dt = (k b + k a p (0) ) r (0) = (k b + k a p (0) ) k p (0) (1.16)
Integrating eq. 1.16 with the initial condition,
(1.17)
The equilibrium relation is
For polystyrene degradation experiments, there was no evidence of higher MW products indicating the absence of the addition reaction (k a = 0). Thus we have 
/dt = 0 (1.23)
we have dp
/dt = 0 (1.24) which is integrated with the initial condition (eq. 1.12 with n = 1), The radical mass concentration (eq. 1.11) becomes
The second moment equations (n = 2) are dp
r (0) (1.27)
/dt = 0, then dp
r (1) (1.29)
From Eq. 1.28,
) p (2) + 2 k a p
(1)
, r
, and r (2) in eq. 1.29 and integration with the initial condition yield,
In the absence of addition (k a =0), 
The reversible, propagation-depropagation reactions whereby a specific radical yields a specific product and a chain-end radical is k bs R s
The reactions of the hydrogen donor expressed in terms of D, the hydrogenated and D', the dehydrogenated forms of the donor, are
Based on the long-chain approximation, eq. 2.1 can be neglected. The mechanism represented by Eqs. 2.2 -2.4 describes the role of the end radical. Q s represents the specific compound of MW x s formed due to the chain-end scission of the polymer with strong links, P(x).
The balance equations for p(x,t), q s (x,t), r e (x,t), and r s (x,t) are dp/dt = -(k he + k de C) p(x) + (k He + k De C) r e (x) (2.5) 
dr s /dt = k ih r e (x) -k bs r s (x) -k iH r s (x) + k as ∫ 0
x r e (x'-x s ) q s (x s )dx' (2.8)
The initial conditions are p(x,t=0) = p 0 (x) and q s (x,t=0) = r e (x,t=0) = r s (x,t=0) = 0 (2.9)
Applying the moment operation to each balance equation yields dp (t=0) = 0(2.14)
Similar to the treatment in random chain scission, zeroth moments are governed by the following differential equations, where the QSSA for radical species has been applied: dp (0) /dt = -(k he + k de C) p (0) (0) (2. 19) where k e = (k he + k de C)/(k He + k De C). Then, eq. 2.15 is dp (0) /dt = 0 (2.20)
which can be solved with the initial condition, eq. 2.14, and the solution is 
This is a key result for chain-end scission influenced by hydrogen donor concentration, C, and similar to eq. 1.21 for random chain scission. A plot of q s (0) (t)/p 0 (0) versus time would be linear with a slope k s , which depends on C. This behavior has been experimental observed for the chain-end scission of poly(styrene-allyl alcohol) (Madras et al., 1995) .
First moment equations for each species are dp
/dt = -(k he + k de C) p 
/dt = k ih r e (1) -k bs r s (1) + k as (r e (1) q s (0) + r e (0) q s (1) ) (2.28)
The summation of first moments for polymer and radicals yields
+q s
+ r e
+ r s
]/dt = 0 (2.29)
Since dr e
/dt = dr s
/dt = 0,
]/dt = 0 (2.30)
confirming the conservation of polymer mass. It follows that dp
/dt = -dq s
/dt = -x s dq s The mass concentration of polymer decreases linearly with time, so that total mass, q s
+ p
, is constant. The time when all the polymer disappears to form the specific product, x s , can also be calculated from the above equation.
The second moment equations are dp (Wang et al., 1995) and accurately describes the experimental data (Wang et al., 1995; Madras et al., 1995 Madras et al., , 1996 . 16 however, and also provides an explanation for the activation energies observed for random scission and chain-end scission (Kodera and McCoy, 1997) .
Results and Discussion
The random-scission degradation rate coefficient, k r , was determined from the experimental data by analyzing the time dependence of the polystyrene MWDs. Figure 1 shows p tot (0) /p tot0 (0) plotted as a function of time for various hydrogen donor concentrations, where p tot0 (0) is the initial molar concentration of the polystyrene (mol/L) and p tot (0) is the molar concentration of the polystyrene (mol/L) as a function of time. The plots show a rapid increase in the zeroth moment (corresponding to a rapid decrease of MW) at times less than 45 minutes.
This is attributed to scission of weak links (Stivala et al., 1983; Madras et al., 1996c) randomly distributed along the polymer chain (Chiantore et al., 1981) .
We can assume that the weak links are totally depleted after 45 minutes. The initial molar concentration of the strong links in polystyrene, p 0 (0) , is determined from the intercept of the regressed line of the p tot (0) /p tot0 (0) data for t ≥ 45 minutes. The slopes, corresponding to the rate coefficient for random scission, k r , are determined from the plot of ln (p (0) /p 0 (0) ) versus time ( Figure 2 ). The rate coefficient decreases with increasing hydrogen donor (6-hydroxy tetralin) concentration ( Figure 3 ). This behavior is consistent with eq. 1.21 when k d = 0 ( Figure   4 ). Because k D ≠ 0, radicals are quenched by the hydrogen donor according to eq. 1.4a.
The rate coefficient for random chain scission depends on hydrogen donor concentration through the fundamental radical rate parameters, k b , k h , k d , k H , k D (eq. 1.21). Figure 4 shows the different effects of the hydrogen donor solvent on the degradation rate coefficient. When k h = 0, the rate coefficient has a first-order dependence at low hydrogen donor concentrations and a zero-order dependence at high hydrogen donor concentrations. This has been experimentally observed ( Figure 5 ) for poly(styrene-allyl alcohol) degradation in the presence of tetralin at 150 °C (Madras et al., 1995) . When k H = 0, the rate coefficient has a negative order dependence, as observed for the polystyrene degradation in the presence of hydrogen donors like tetralin (Sato et degradation in the presence of hydrogen donor solvents. For chain-end scission, the effect of hydrogen donor concentration is qualitatively similar to that in Figure 4 .
The chain-end scission of polystyrene yields specific products of styrene and various oligomers. The production rates of these specific products, however, could not be determined because the 6-hydroxy tetralin overlapped the monomer and oligomer peaks. We examined instead the chain-end scission rates for the degradation of poly(styrene allyl-alcohol) in the presence of tetralin at 150 °C (Madras et al., 1995) . The specific product molar concentrations are linear in time, as predicted by eq. 2.23. The rate coefficient for chain-end scission, k s , can be obtained from the slope of the molar concentration of the specific product versus time. Figure 6 depicts the influence of tetralin on the rate of chain-end scission of poly(styrene allyl-alcohol) to an oligomer of styrene and allyl alcohol (SA) at 150 °C (Madras et al., 1995) . The dependence is consistent with eq. 2.24 (for k he = 0), which relates the chain-end scission rate coefficient to the hydrogen donor concentration.
Concluding Remarks
A macromolecule typically fragments into smaller chains by random scission and to a lesser extent into oligomers and monomers by chain-end scission. The proposed model for chain scission degradation reactions accounts for the radical mechanisms of initiation-termination, hydrogen abstraction, degradation and repolymerization reactions. The theoretical analysis, based on the continuous distribution kinetics of homologous macromolecules, explains the different effects of hydrogen donors on polymer degradation. The effect of hydrogen donor concentration, C, on the random and chain-end scission rate coefficients is given by eqs. 1.21
and 2.24, respectively. 
